Toll-Dependent Control Mechanisms of CD4 T Cell Activation  by Pasare, Chandrashekhar & Medzhitov, Ruslan
Immunity, Vol. 21, 733–741, November, 2004, Copyright 2004 by Cell Press
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tion of adaptive immune responses (Janeway, 1989).
The costimulatory pathway provides antigen specificity
in a cognate DC-T cell interaction (Banchereau and
Chandrashekhar Pasare and Ruslan Medzhitov*
Section of Immunobiology
Howard Hughes Medical Institute
Steinman, 1998), although the mechanisms of discrimi-Yale University School of Medicine
nation between different sources of antigen for presen-New Haven, Connecticut 06510
tation are not well defined. While it has been abundantly
demonstrated that DC maturation and expression of
costimulatory signals are required for the initiation ofSummary
T cell responses, it is not currently known whether DC
maturation and migration to lymphoid organs is suffi-Toll-like receptors (TLRs) detect microbial infection
cient for inducing immune responses.and play an essential role in the induction of innate
In addition to induction of costimulatory signals, theand adaptive immune responses. The mechanisms of
triggering of TLRs on DCs leads to production of cytokinesTLR-mediated control of adaptive immunity are not
and chemokines that orchestrate T cell recruitment, ac-yet fully understood. Induction of dendritic cell (DC)
tivation, differentiation, and survival. In particular, TLR-maturation is essential for activation of naive T cells.
induced IL-6, along with other cytokines, renders naiveHere, we demonstrate that TLR-induced DC matura-
T cells refractory to the suppressive effect of regulatorytion and migration to the lymph nodes, in the absence
T cells (Tr cells) (Pasare and Medzhitov, 2003; Yang etof TLR-induced inflammatory cytokines, are not suffi-
al., 2004).cient for T cell activation in vivo. We show that tran-
CD4CD25 Tr cells play a crucial role in the mainte-sient depletion of regulatory T (Tr) cells recovers the
nance of peripheral T cell tolerance (Sakaguchi et al.,primary CD4 T cells response in MyD88-deficient mice,
1995; Thornton and Shevach, 1998). Their developmentdemonstrating that a major mechanism of TLR-medi-
and function are controlled by the transcription factorated activation of T cell responses is the blocking of
FoxP3 (Fontenot et al., 2003; Hori et al., 2003; Khattri etsuppression by regulatory T cells. In addition we show
al., 2003), and their development can be either prepro-that a TLR-induced signal(s) is required for memory
grammed during thymic selection (Asano et al., 1996)CD4 T cell differentiation, but not for activation of
or induced in the peripheral tissues (Apostolou and Vonmemory T cells.
Boehmer, 2004). Many questions regarding Tr biology
remain open, including the mechanism of their inhibitoryIntroduction
activity as well as their contribution to the control of T
and B cell activation to foreign antigens in vivo.Pattern-recognition receptors of the innate immune sys-
Previous studies have demonstrated that MyD88KOtem, such as TLRs, distinguish infectious nonself from
mice are deficient in the induction of Th1 immune re-noninfectious self and control the initiation of adaptive
sponses (Jankovic et al., 2002; Scanga et al., 2002;immune responses (Janeway, 1989). TLRs can induce
Schnare et al., 2001). Because MyD88-deficient DCs faildistinct cellular responses through differential use of
to produce cytokines but can mature in response toseveral adaptor proteins (Takeda et al., 2003). In particu-
TLR4 activation, MyD88 deficiency provides a usefullar, TLR4, upon recognition of its ligand, lipopolysaccha-
model where TLR induction of costimulatory signals andride (LPS), can induce the production of inflammatory
cytokine production by DCs can be dissociated. Here,cytokines, including IL-6, TNF, and IL-12, through the
by using MyD88-deficient mice, we addressed the fol-
adapters called MyD88 and TIRAP (the MyD88-depen-
lowing questions. (1) Is DC maturation sufficient for the
dent signaling pathway) (Horng et al., 2002; Kawai et
induction of T cell responses? (2) Are TLR-induced in-
al., 1999; Yamamoto et al., 2002). TLR4 can also induce flammatory cytokines required for the induction of T cell
activation of IRF-3 and production of IFN-/ through responses? (3) What is the relative contribution of co-
the adapters TRAM and TRIF (Fitzgerald et al., 2003; stimulation and DC-derived cytokines for the induction
Yamamoto et al., 2003a, 2003b). This latter pathway can of T cell responses? (4) Is TLR activation required for
be induced in the absence of MyD88 and is referred to the generation of CD4 T cell memory? (5) Is TLR signaling
as the MyD88-independent pathway. While MyD88 is required for the activation of memory T cell responses?
absolutely required for the induction of inflammatory We found that induction of LPS-induced DC matura-
cytokines in DCs and other cell types, TLR4 can induce tion and migration to the draining lymph nodes is not
DC maturation (cell surface expression of CD80/CD86, sufficient for activation for CD4 T cells. However, tran-
CD40, and MHC class-II) in the absence of MyD88 sient depletion of Tr cells completely recovered T cell
(Kaisho et al., 2001). activation and differentiation into Th1 cells in the ab-
Induction of costimulatory molecules is an essential sence of TLR-induced cytokines. We showed that the
control point for T cell activation (Lenschow et al., 1996). costimulatory pathway is required for T cell activation
Indeed, it is the control of induction of costimulatory regardless of the status of Tr cells. We demonstrated
molecules by the innate immune system that allows the that the induction of the primary T cell response is not
coupling of innate recognition of infection with the initia- sufficient for the generation for T cell memory and that
some a TLR signal(s) induced during primary immuniza-
tion is required for the development of memory T cells.*Correspondence: ruslan.medzhitov@yale.edu
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Figure 1. DC Maturation and Migration Is Not Sufficient for Naive T Cell Activation in MyD88-Deficient Mice
(A) Wt and MyD88-deficient mice were injected with PBS or 10 g of LPS in the footpads and cells from draining lymph nodes were stained
after 24 hr for CD11c and CD80 or CD86. Cells from wt and MyD88KO mice were also stained for CD11C and CCR7 (CCL-19Fc) and CD11c-
positive cells are shown as histograms.
(B and C) Thin lines, Fc Control; broken lines, CCL-19Fc staining (PBS); bold lines, CCL-19 Fc staining (LPS). Wt and MyD88KO mice were
immunized in the footpads (fp) with OVA (25 g/fp) and LPS (2.5 g/fp) emulsified in IFA. Draining lymph nodes were harvested on day ten
postimmunization and purified CD4 T cells were restimulated in the presence of irradiated (1500 rads) wt B cells as APCs and titrating doses
of OVA. LPS leads to maturation of DCs but induces extremely poor T cell priming in MyD88-deficient mice when compared to wt controls (C).
Data are representative of five independent experiments with three mice per group. Standard errors in (C) were less than 5% of the mean.
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Finally, we showed that once memory T cells are gener- mice (Tr cell sufficient), both in terms of proliferation
and IL-2 production (Figures 2A and 2B). Moreover,ated, TLR signaling is not required for their activation.
depletion of Tr cells led to a complete recovery of IFN-
production by T cells in MyD88KO mice. In wt miceResults
depletion of Tr cells resulted in a 2- to 3-fold increase
in IFN- production (Figure 2C), whereas in MyD88KODC Maturation and Migration to Lymph Nodes
mice Tr cell depletion restored IFN- production fromIs Not Sufficient for T Cell Activation
undetectable to wt levels (Figure 2C). This was unex-In vitro stimulation of DCs from MyD88KO mice with
pected because MyD88-deficient DCs do not produceLPS leads to DC maturation, but not cytokine production
IL-12 or any other inflammatory cytokines in response(Kaisho et al., 2001). Thus, MyD88-deficient mice can
to LPS. The result is consistent, however, with a recentlybe used to examine the relative contribution of DC matu-
published report that depletion of Tr cells leads to IFN-ration versus cytokine production for the activation of
production by T cells in IL-12 p40-deficient mice (Old-T cell responses. We first examined whether LPS can
enhove et al., 2003). Interestingly, the enhanced IFN-induce DC maturation and migration to the draining
production in the absence of Tr cells was dependent onlymph nodes in vivo. Wild-type (wt) and MyD88-deficient
STAT4, as CD4 T cells in STAT4KO mice depleted of Trmice were injected with either phosphate-buffered sa-
cells fail to produce IFN- (Figure 2D). Lack of Tr cellsline (PBS) or LPS into the footpads, and draining lymph
does not skew the responses toward a Th1 phenotype,nodes were collected at various time points to analyze
however, as secretion of IL-13 by Th cells in the absenceDC migration and maturation status. LPS injection in-
of Tr cells was also strongly enhanced in both wt andduced similar levels of DC migration and induction of
MyD88KO mice (Figure 2E). Importantly, depletion of Trcell surface expression of costimulatory molecules
cells did not affect DC migration or maturation in eitherCD80 and CD86 (Figure 1A), as well as 4-1BB and OX40
wt (data not shown) or MyD88KO mice (Supplementalligands (data not shown), in wt and MyD88-deficient
Figure S3), suggesting that the presence or absence ofmice. DCs present in the lymph nodes of LPS-injected
Tr cells does not directly influence the phenotype ofmice were CCR7 positive, suggesting that these cells
DCs. Collectively, these results demonstrate that theare immigrants rather than activated resident DCs (Fig-
requirement for TLR-induced DC-derived cytokines forure 1B). We also saw no difference between wt and
T cell activation and differentiation can be bypassed byMyD88KO mice in phenotype or frequency of DCs pres-
depletion of Tr cells. These data also argue that a majorent in draining lymph nodes at time points later than 24
component of TLR-mediated control of T cell responseshr (Supplemental Figure S1 available online at http://
is the release of the suppressive effect of Tr cells.www.immunity.com/cgi/content/full/21/5/733/DC1/). We
next examined whether DC maturation and migration to
lymph nodes in the absence of cytokine production is Requirement for the Costimulatory Signal
sufficient for T cell activation. Wt and MyD88-deficient Cannot Be Bypassed by Depletion of Tr Cells
mice were immunized with ovalbumin (OVA) by using We next asked whether the requirement for the costimu-
LPS as an adjuvant. In wt mice the immunization resulted latory molecules CD80 and CD86 could also be by-
in robust T cell activation, while in MyD88KO mice T cell passed in the absence of Tr cells. We addressed this
responses were severely diminished (Figure 1C). These question by using two different experimental systems.
results demonstrate that DC maturation (induction of Human serum albumin (HSA), unlike OVA, is free of any
costimulatory molecules) and migration to lymph nodes contaminating TLR ligands and does not induce DC
alone is not sufficient for T cell activation in the absence maturation or cytokine production in vitro (Figure 3A
of TLR-induced cytokines. and data not shown). Immunization with HSA and LPS,
as expected, resulted in a strong T cell response in
wt, but not TLR4KO mice while immunization with HSADepletion of Tr Cells Restores T Cell Activation
and Differentiation in MyD88-Deficient Mice alone failed to induce any T cell response in either mouse
strain (Figures 3B and 3C). In MyD88KO mice, consistentOur earlier study has shown that TLR-induced cytokine
production by DCs renders CD4 T cells refractory to with the results described above, immunization with
HSA and LPS led to T cell activation only in the absenceTr cell-mediated suppression (Pasare and Medzhitov,
2003). We therefore investigated the contribution of Tr of Tr cells (Figure 4A). However, depletion of Tr cells
did not recover T cell activation in the absence of TLRcells to the defective T cell responses in MyD88KO mice.
LPS can induce DC maturation and secretion of type I ligands. This indicated the dominant requirement for the
costimulatory pathway for T cell priming, regardless ofIFNs, but not IL-6, IL-12, TNF, and IL-1 in MyD88-defi-
cient DCs (Kaisho et al., 2001). Because IL-6 is required the presence or absence of Tr cells (Figure 4A).
In the second approach, we compared T cell activa-to render Th cells refractory to the inhibition by Tr cells,
we tested whether the defect in T cell activation in tion in the absence of Tr cells in MyD88KO and CD28KO
mice. LPS was used as an adjuvant so that in MyD88KOMyD88KO mice was due to the “unopposed” sup-
pressive effect of Tr cells. We found no difference in the mice the TLR4-induced costimulatory pathway and DC
migration would be intact while cytokine-dependentpercentages of CD4CD25 Tr cells between wt and
MyD88KO mice (data not shown). Remarkably, however, events would be blocked, whereas in CD28KO mice
the costimulatory pathway is blocked while the TLR-immunization of MyD88KO mice after in vivo depletion
(Onizuka et al., 1999) of CD4CD25 Tr cells (Supple- induced cytokine-mediated responses are intact. We
found that Tr depletion recovered T cell response inmental Figure S2) resulted in robust T cell responses
that were comparable to the responses produced in wt MyD88KO mice but failed to restore T cell activation in
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Figure 2. Depletion of Tr Cells Restores T
Cell Responses in MyD88KO Mice
(A) A single intravenous injection (100 g/
mouse) of anti-CD25 monoclonal antibody
(clone PC61) on day –3 of immunization leads
to depletion of CD25 T cells in vivo (Supple-
mental Figure S2). Wt and MyD88KO mice
were immunized in the footpads with OVA (25
g/fp) and LPS (2.5 g/fp) emulsified in IFA.
Three days prior to immunization, mice re-
ceived a single intravenous injection of anti-
CD25 antibody or control Rat Ig. T cell restim-
ulations were set up as described (Figure 1)
on day ten of immunization, and supernatants
were collected from these cultures at 60 hr
of incubation. Depletion of CD25 T cells re-
stores priming in MyD88-deficient mice.
(B) Primed T cells also show restoration of
IL-2 production.
(C) Tr depletion not only restored T cell prolif-
eration in MyD88KO mice, but also led to the
secretion of high levels of IFN-, which were
comparable to wt levels.
(D) T cells derived from Tr cell-depleted wt
mice showed higher proliferative response
compared to T cells from control mice (data
not shown) and secreted high levels of IFN-
(C) and IL-13 (E). Tr cell depletion in STAT4-
deficient mice did not result in production of
IFN- by primed T cells.
(E) These T cells also produced high levels
of IL-13.
Cytokine production in all these experiments
by T cells cultured in the absence of antigen
was not detectable by ELISA. All data are
representative of five independent experi-
ments. Standard errors were less than 10%
in (A) and less than 5% in (B–E).
CD28KO mice (Figure 4B), again indicating a dominant adjuvant (IFA). After 90 days mice were reimmunized
role of the costimulatory pathway in T cell priming. An with OVA alone emulsified in IFA. As shown earlier,
important implication of this result is that the TLR- depletion of Tr cells leads to T cell priming in MyD88-
induced IL-6 and other cytokines that release Tr-medi- deficient mice when LPS is used as an adjuvant. This
ated suppression do not normally lead to bystander T cell priming is comparable to WT responses in the
T cell activation because of the obligatory role of the presence of Tr cells. Depletion of Tr cells in WT mice
co-stimulatory signal, which is provided in an antigen- leads to enhanced T cell responses, suggesting that Tr
specific cognate DC-T cell interaction. It should also be cells determine the strength of T cell response to foreign
noted that CD28KO mice have fewer Tr cells to begin antigens under normal conditions. Although depletion
with (Salomon et al., 2000) (data not shown), but this of Tr cells in MyD88-deficient mice allows the induction
does not lead to increased T cell responsiveness. Even of primary T cell responses to immunization (Figure 5A),
complete elimination of Tr cells in these mice does not this did not result in the generation of T cell memory
recover T cell responses under conditions that are other- (Figure 5B). Wt mice showed robust T cell proliferation
wise optimal for T cell activation. and production of IFN- after secondary immunization,
but MyD88-deficient mice showed complete lack of
memory T cell responses as measured by proliferationLack of CD4 T Cell Memory Responses
(Figure 5B) or IFN- production (Figure 5C). Depletionin MyD88-Deficient Mice
of Tr cells during primary immunization in wt mice ledBecause depletion of Tr cells allows activation of naive
to significantly higher primary and memory CD4 T cellT cells in MyD88-deficient mice, we next asked whether
responses when compared to control wt mice (Figure 5).T cell priming in these mice would lead to establishment
Injection of an anti-CD25 antibody leads to only transientof long-term T cell memory. To address this question,
depletion of Tr cells, and normal numbers are restoredwe immunized wt and MyD88-deficient mice with or
over a period of 2 weeks (Pasare and Medzhitov, 2003).without depletion of Tr cells. Immunization was done
by using OVA-LPS emulsified in incomplete Freund’s It could therefore be argued that lack of memory T cell
TLR Regulation of T Cells’ Responses
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Figure 3. Protein Antigen Is Unable to Induce
CD4 T Cell Activation in the Absence of
TLR Ligands
(A) Bone marrow DCs derived from wt mice
were incubated with LPS (100 ng/ml), OVA
(100 g/ml), or HSA (100 g/ml) for 24 hr.
Induction of DC maturation was assessed by
staining for CD80, CD86, and CD40. Cells
gated for CD11c expression are shown as his-
tograms.
(B and C) Wt or TLR4-deficient mice were
immunized in the footpads with HSA (50 g/
mouse) adsorbed on alum with or without
LPS (5 g/mouse). Recall responses were set
up on day seven postimmunization. HSA by
itself was unable to induce T cell priming in
both wt and TLR4-deficient mice. However,
when immunization was done with HSA and
LPS coadsorbed on alum, robust T cell re-
sponses were induced in wt mice (B), but not
in TLR4-deficient mice (C).
Data are representative of three independent
experiments with three mice per group. Stan-
dard errors in panels (B) and (C) were less
than 10% of the mean.
responses in MyD88-KO mice is due to suppression by or production of IFN- (Figure 6). These results indicate
that while TLR activation is essential during the initiationTr cells. However, depletion of Tr cells 3 days prior to
secondary immunization in MyD88KO mice (depleted of of T cell responses, it is not required for the activation
of memory T cells. This result also has a broader implica-Tr cells during primary immunization) still showed lack
of memory T cell responses (Supplemental Figure S4). tion in terms of the functioning of Tr cells. Because HSA
does not induce either DC maturation or production of
cytokines such as IL-6, these data argue that memoryTLR Signaling Is Not Required for In Vivo
T cells may not be susceptible to suppression byActivation of Memory T Cells
CD4CD25 Tr cells, or at least not to the same extentWe next asked whether activation of DCs by TLR ligands
as naive T cells.is required for activation of established memory T cells.
Although the requirement for adjuvants for memory
T cell response has been examined in the past, these Discussion
earlier studies are sometimes contradictory and difficult
to interpret because it is unclear whether the antigens The results presented in this study provide several new
insights into the role of TLRs in induction of CD4 T cellused in these studies were contaminated with TLR li-
gands. To address this question we used HSA, which responses. The current view is that DC maturation (cell
surface expression of MHC and costimulatory mole-is free of contaminating TLR ligands as determined by
a very sensitive DC maturation assay (Figure 3A). Wt cules) and migration to the lymphoid organs are essen-
tial steps in T cell activation (Banchereau and Steinman,mice received primary immunization of HSA-LPS in IFA
and 90 days later a secondary immunization with either 1998). Here, we present evidence that these steps are
not sufficient for CD4 T cell activation. Stimulation ofHSA alone, or HSA with LPS. Recall responses set up
6 days after the secondary immunization showed that DCs in MyD88-deficient mice with LPS leads to DC mat-
uration and migration to the lymph nodes with similaralthough presence of LPS in secondary immunization
resulted in higher recall responses, LPS-free HSA also extent to wt mice. However, this is not sufficient for
the activation of T cell responses (Figure 1). This resultled to significant activation of memory T cells. This was
ascertained by both CD4 T cell proliferation and secre- suggests that in addition to MHC/antigen and costimu-
latory signals, other signals are required to inducetion of IFN- by activated T cells (Figures 6A and 6B). As
expected, immunization with HSA alone during primary T cell activation.
While MyD88-deficient DC mature in response to LPSimmunization did not lead to activation of naive T cells
Immunity
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Figure 4. Obligatory Requirement for Costimulation for T Cell Priming
(A and B) Wt and MyD88-deficient mice were depleted of Tr cells
as described earlier. Mice were immunized with HSA in IFA or HSA- Figure 5. Lack of Memory CD4 T Cell Response in MyD88-Defi-
LPS in IFA. T cell proliferation assays were performed 10 days later cient Mice
as described. Depletion of Tr cells in wt mice (A) or MyD88KO mice Wt and MyD88 mice with or without depletion of suppressors were
(data not shown) did not lead to T cell priming when HSA was used immunized with OVA-LPS in IFA in the left footpads. Ninety days
as an immunogen in the absence of LPS. However, addition of LPS later, mice were reimmunized with OVA-IFA in the right footpads.
to HSA led to very good T cell priming in MyD88KO mice when Tr Six days after second immunization, purified T cells from inguinal
cells were depleted in vivo. CD28-deficient mice have 50% less and popliteal lymph nodes of right leg (draining lymph nodes of
CD4CD25 T cells in the secondary lymphoid organs compared secondary immunization) were incubated with irradiated B cells
to wt mice (Salomon et al., 2000) (data not shown), but complete (1500 rads) and titrating doses of OVA. (B) and (C) show proliferation
depletion of that population does not restore T cell priming when and IFN- production respectively. (A) shows T cell proliferation
HSA-LPS is used for immunization (B). from control mice that did not receive a primary immunization.
Data are representative of three independent experiments with two Data are representative of three independent experiments with three
mice per group, and standard errors were less than 5% of the mean. mice per group. Standard errors were less than 10% in (A) and (B)
and less than 5% in (C). ND, not detectable.
stimulation, they do not produce inflammatory and ef-
fector cytokines, such as IL-1, IL-6, TNF, and IL-12 nized with a pure protein antigen devoid of any TLR
ligands as well as in CD28-deficient mice (Figure 4). The(Kaisho et al., 2001; Kawai et al., 1999). We have pre-
viously shown that TLR-induced cytokines produced by latter result also demonstrates the dominant character
of the costimulatory signal requirement, as DCs inDCs, in particular IL-6, render antigen-specific T cells
refractory to Tr-mediated suppression (Pasare and Med- CD28KO mice produce IL-6 and other cytokines in re-
sponse to TLR ligands, and yet this does not result inzhitov, 2003). We hypothesized, therefore, that the lack
of T cell responses in MyD88-deficient mice could be T cell activation with or without Tr cells in the system.
The significance of this dependence on the costimula-due to “unopposed” suppression by Tr cells. Indeed,
transient depletion of Tr cells in MyD88 deficient mice tory signal presumably lies with the fact that CD80/CD86
signal is provided only to antigen-specific T cells in aled to restoration of T cell activation and differentiation
(Figure 2). This result indicated that a major component cognate T cell-DC interaction. The cytokines that release
Tr suppression, on the other hand, are not antigen spe-of TLR-mediated control of T cell activation has to do
with overcoming the suppressive effect of Tr cells. Inter- cific and have multiple systemic effects because they
are produced in large quantities by TLR-stimulated DCsestingly, the T cell response in wt mice depleted of Tr
cells was also increased (Figure 5A), suggesting that Tr and macrophages.
Generation of IFN- producing T cells in MyD88KOcells control responses to both self and foreign antigens.
Importantly, however, Tr depletion does not result in mice depleted of Tr cells indicates that Th1 differentia-
tion can occur in the absence of TLR-induced MyD88-nonspecific enhancement of T cell activation, as the
requirement for TLR-induced signals in general and the dependent cytokines. TLR4 induces expression of IFN-
through the MyD88-independent pathway. Since Th1costimulatory signal in particular cannot be bypassed
by Tr depletion. This is demonstrated by the lack of differentiation is induced through STAT4 pathway re-
gardless of the status of Tr cells (Figure 2D), it is likelyT cell responses in mice depleted of Tr cells and immu-
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cells in these mice prior to secondary immunization did
not recover the recall responses (Supplemental Figure
S4), which suggests that lack of memory T cell re-
sponses is not due to the inability of these cells to over-
come suppression. This result indicates that a primary
T cell response is not sufficient for memory T cell com-
mitment and/or differentiation. Moreover, a TLR-induced
signal(s) appears to be required for the generation or
maintenance of memory T cells. The nature of this sig-
nal(s) is currently unknown and it would be of consider-
able interest to define this in future studies. It also re-
mains to be determined what aspect of memory T cell
development (commitment, differentiation, or survival)
is controlled by TLRs. Previous studies demonstrated
that inflammatory signals induced by adjuvants promote
the survival of activated T cells (Marrack and Kappler,
2004; Mitchell et al., 2001). Many cytokines implicated
in T cell survival are induced by TLRs in a MyD88-depen-
dent manner, and it is likely, therefore, that this mecha-
nism contributes to the failure to generate CD4 T cell
memory in MyD88-deficient mice. It is also likely, how-
ever, that in addition to promoting T cell survival, a TLR-
induced signal(s) instructs T cells for commitment and/
or differentiation into memory cells.
Finally, we investigated whether TLR signaling is re-
quired for activation of established memory T cells at
the recall stage. While this question has been addressed
in a variety of experimental systems, it is unclear whether
the antigens used in the past were truly devoid of TLR
ligands. Using pure protein antigen, free of any contami-
Figure 6. Activation of Memory T Cells Does Not Require TLR
nating TLR ligands, we found that TLR stimulation is notStimulation
required for the recall response of established memory(A) Wt mice were immunized with HSA (25 g/fp) and LPS (2.5 g/fp)
T cells, although TLR ligation can enhance the memoryemulsified in IFA in the left footpads. Ninety days later, mice received
response (Figure 6). This result is consistent with previ-an immunization of either HSA alone or HSA and LPS emulsified in
IFA in the right footpads. Six days after the second immunization, ous studies demonstrating that activation of memory
inguinal and popliteal lymph nodes from the right side were used T cells is less dependent on costimulatory signals than
to purify CD4 T cells and set up in-vitro T cell proliferation assay naive T cells, and that requirements for activation are
using irradiated B cells and titrating doses of HSA. less stringent for memory T cells compared to naive
(B) Supernatants were collected 60 hr later to assay for IFN- pro-
T cells (Croft et al., 1994; Dutton et al., 1998; London etduction by proliferating T cells.
al., 2000). These results suggest that memory T cellsData are representative of two independent experiments with three
are not subject to suppression by Tr cells to the samemice per group and standard errors were less than 5% in (A) and
(B). ND, not detectable. degree as naive T cells. These results also suggest that
lack of memory T cell responses in MyD88KO mice is
not due to the inability of memory T cells to overcome
that IFN- production in the absence of Tr cells in suppression but, because of defects in commitment,
MyD88KO mice occurs through type I IFN receptor differentiation, or survival of memory T cells in the ab-
(IFN-IR), as it was recently demonstrated that IFN-IR sence of a TLR induced signal(s).
can signal through STAT4 (Nguyen et al., 2002). This Collectively, these results identify novel aspects of
possibility, however, needs to be examined directly in TLR-mediated control of primary and memory T cell
future studies. responses and further suggest a fundamental connec-
Expansion and differentiation of T cells during a pri- tion between TLR-mediated innate recognition of infec-
mary response is followed by differentiation of long- tion and suppressive activity of Tr cells. Tr cells nega-
lived memory T cells. The mechanism of commitment tively regulate both CD4 (Th1 and Th2) and CD8 T cell
to memory T cell differentiation is not well defined. It is responses (Sakaguchi, 2004). Both Th2 and CD8 T cell
not currently known whether memory T cells develop responses can be induced in a MyD88-independent
as a direct consequence of the primary T cell response manner (Kaisho et al., 2002; Schnare et al., 2001; Serbina
or whether additional signals generated during infection et al., 2003; Way et al., 2003). It would be interesting to
are required for memory T cell differentiation (Seder and investigate whether the induction of TLR-independent
Ahmed, 2003; Sprent and Surh, 2002; Swain, 2003). In immune responses, such as CD8 T cell responses trig-
particular, it is not known if TLRs play a role in the gered by intracellular recognition systems (Serbina et
generation of memory T cells. We found that while the al., 2003; Way et al., 2003), is controlled by equivalent
primary T cell response can be induced in MyD88KO mechanisms whereby signals induced by the innate im-
mice upon Tr depletion, these mice still fail to generate mune system counteract the suppressive activity of Tr
cells.a memory T cell response (Figure 5). Depletion of Tr
Immunity
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